ABSTRACT: A series of manganese oxides loaded on to an active alumina support was prepared by impregnation methods and the resulting samples preheated in air at 400ºC, 650ºC or 900ºC for 6 h. The amount of manganese, expressed as Mn 2 O 3 , was varied between 3.7 wt% and 55.3 wt%. The kinetics of the decomposition of H 2 O 2 in an aqueous medium were studied in the presence of these oxides. The catalytic activities increased initially as the amounts of manganese present increased, attaining a maximum value at 13.4 wt% Mn 2 O 3 and then decreasing on increasing both the amount of manganese above this limit and the precalcination temperature from 400ºC to 900ºC. The specific surface areas of the various catalysts were determined by BET analysis of the nitrogen adsorption isotherms. The S BET values varied from 244 m 2 /g to 80 m 2 /g both as a function of the extent of loading and the precalcination temperature. However, the activation energy for sintering, DE S , increased on increasing the amount of Mn 2 O 3 present. The apparent activation energy for H 2 O 2 decomposition conducted over the various solids was found to be virtually unaffected by a change in the amount of manganese present.
INTRODUCTION
Pure manganese oxides exhibit considerable activity in oxidation-reduction reactions due to the presence of manganese ions with different oxidation states. In addition, the unloaded manganese oxides are liable to sinter on heating for a prolonged time at moderate temperatures. The sintering process is normally accompanied by grain growth of the manganese oxide particles thereby reducing their surface areas and consequently leading to a decrease in their catalytic activity (Loof et al. 1993) .
Loading the manganese oxides on to a suitable support could solve this problem. Active alumina is considered to be the most convenient support material for a wide variety of transition metal oxide catalysts (Margraf et al. 1987; Valyon et al. 1989; Hönicke and Xu 1988; Eckert and Wachs 1989; Caceres et al. 1990; Gates 1995; Goodman 1995) . Although alumina is an active catalyst for the dehydration of organic compounds (Luy and Parera 1986; Moravek and Kraus 1984) , it exhibits no catalytic activity towards oxidation-reduction reactions (Margraf et al. 1987; Valyon et al. 1989; Caceres et al. 1990 ). Thus, Al 2 O 3 plays the role of a catalyst support for these reactions, increasing the degree of dispersion of the catalytically-active species and thereby hindering their grain growth. Hence loading manganese nitrate on to an active Al 2 O 3 would be expected to modify the thermal, surface and catalytic properties of the supported solid.
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Here we present the results of a study on the influence of the extent of loading and precalcination temperature on the specific surface area and catalytic activity of supported manganese solids as investigated by N 2 adsorption at -196ºC and via decomposition of H 2 O 2 in aqueous solution at temperatures within the range 20-40ºC. The products obtained from precalcination were characterized by X-ray powder diffraction methods.
EXPERIMENTAL

Materials
A series of manganese oxides loaded on an active alumina was prepared by impregnating a known amount of finely powdered Al 2 O 3 with different amounts of manganese nitrate dissolved in the least quantity of distilled water necessary to make a paste. The samples thus obtained were dried to constant weight at 110ºC and then heated in air at 400ºC, 650ºC or 900ºC, respectively, for 6 h in each case. The amounts of manganese employed, expressed as Mn 2 O 3 , varied between 3.7 wt% and 55.3 wt%. The prepared solid samples were designated as MnAl-I, MnAl-II, MnAl-III, MnAl-IV, 7.2, 13.4, 23.6, 38 
Techniques
X-Ray investigations of the thermal products of Mn(NO 3 ) 2 supported on Al 2 O 3 were performed using a type PW 1390 Philips diffractometer. Patterns were run using Mn-filtered Fe radiation (l = 1.9373 Å) at 36 kV and 16 mA at a scanning speed in 2q of 2º/min. The specific surface areas of the various catalysts were determined from N 2 adsorption isotherms measured at -196ºC using a conventional volumetric apparatus. Before carrying out such measurements, each sample was degassed under a reduced pressure of 10 -5 Torr at 200ºC for 3 h. The catalytic activities of the different samples prepared were determined by studying the decomposition of H 2 O 2 in their presence at various temperatures within the temperature range 20-40ºC using 0.5 ml volumes of H 2 O 2 of a known concentration diluted to 20 ml with distilled water. A fresh 50 mg catalyst sample was employed for each kinetic experiment.
RESULTS AND DISCUSSION
XRD studies of the various prepared solids X-Ray investigations were undertaken on the thermal products of MnAl-I, MnAl-III and MnAl-V mixed oxide solids preheated in air at 400°C, 650°C or 900ºC. The corresponding X-ray diffractograms of these solids are depicted in Figure 1 from which it is clearly seen that precalcination of MnAl-I at 400ºC led to an amorphous solid. In contrast, the other solids containing 13.4 wt% or 38.2 wt% manganese oxide preheated in air at 400ºC consisted mainly of g-MnO 2 . The g-phase produced was converted to Mn 2 O 3 (partridgeite) by heating in air at 650ºC. Increasing the precalcination temperature to 900ºC led to the formation of MnAl 2 O 4 and q-Al 2 O 3 of reasonable crystallinity together with the partridgeite phase. However, the intensities of the diffraction lines for all phases observed at a given temperature increased slightly on increasing the amount of manganese present in the solid materials. Thermal treatment of manganese oxides at elevated The fact that the diffraction lines of Mn 3 O 4 remained undetected in the XRD patterns of the mixed solids could indicate its existence as an amorphous phase or its oxidation to Mn 2 O 3 during cooling from 900ºC to room temperature. In other words, the aluminium oxide support could facilitate the re-oxidation of Mn 3 O 4 to Mn 2 O 3 . This might be expected from the fact that the aluminium oxide support increased the degree of dispersion of the crystallites produced quite considerably thereby making them more susceptible to oxidation. On the other hand, the absence of diffraction lines for alumina in all manganese/alumina mixed solids subjected to preheating in air at 650ºC clearly indicates that the alumina was mainly amorphous, being only partially transformed into the q-alumina phase at 900ºC. This demonstrates the role of the precalcination temperature in catalyzing the crystallization process of amorphous alumina into the q-phase in the presence of manganese oxide.
Specific surface areas of the various prepared solids
The specific surface areas (S BET ) of the various solids were determined from nitrogen adsorption isotherms measured at -196ºC. The effect of the precalcination temperature and the extent of loading on the specific surface area is better represented by plotting the S BET values for the different adsorbents as a function of both the precalcination temperature and the amount of manganese oxide present in the system. The results obtained are illustrated graphically in Figures 2 and 3 which clearly indicate that the specific surface areas of the Al 2 O 3 -supported manganese oxides decreased on increasing both the precalcination temperature from 400ºC to 900ºC and the amount of manganese oxides present. This decrease was more pronounced for the mixed solids containing 55.3 wt% Mn 2 O 3 precalcined at 900ºC.
The decrease in the specific surface area of a given porous solid due to an increase in the precalcination temperature could be attributed to grain growth of their particles (Arora et al. 1971; Ahuja et al. 1987) . However, another parameter that cannot be overlooked is the effect of solidsolid interaction between the manganese oxide and the Al 2 O 3 . Conversion of a portion of the Al 2 O 3 into MnAl 2 O 4 at 900ºC via interaction with Mn 2 O 3 might decrease the specific surface area. In fact, XRD measurements revealed that the formation of MnAl 2 O 4 increased to an extent proportional to the amount of Mn 2 O 3 present. The S BET data measured for the various solids preheated in air at different temperatures allowed the calculation of the apparent activation energy of sintering (DE S ) via direct application of the Arrhenius equation by plotting log S BET versus 1/T (Figure 4) . The computed values of DE S were found to be 5.7, 5.4, 6.4, 7.9, 7.3 and 8.3 kJ/mol for MnAl-I, MnAl-II, MnAl-III, MnAl-IV, MnAl-V and MnAl-VI, respectively. These values indicate that increasing the amount of Mn 2 O 3 in the system up to 55.3 wt% brought about an increase in DE S of 46%, demonstrating that the manganese species decreased the sinterability of the alumina support, i.e. manganese oxides when present over the range 3.7-55.3 wt% hindered the sinterability of the Mn 2 O 3 /Al 2 O 3 system.
Catalytic activity of the various prepared solids
Preliminary experiments showed that the unloaded manganese oxide obtained after thermal treatment of manganese nitrate at 400ºC exhibited excellent catalytic activity for H 2 O 2 decomposition at temperatures from 20ºC. However, the solid lost its catalytic activity completely on heating in air at temperatures above 700ºC. These results may be attributed to enhanced sintering of the manganese oxide crystallites and clearly indicate the necessity of using a catalyst support.
The kinetics of H 2 O 2 decomposition in the presence of the various solids precalcined at 400ºC, 650ºC or 900ºC were monitored by measuring the volume of O 2 liberated at different time intervals at a fixed temperature until equilibrium was attained. Such catalytic reactions were carried out at 20-40ºC and in all cases the reactions were found to follow first-order kinetics. It was possible to determine the value of reaction rate constant (k) in the presence of a given solid catalyst under specified conditions from the slopes of these first-order plots. Such values of k enabled the apparent activation energy (DE) for H 2 O 2 decomposition to be calculated, the corresponding values being listed in Table 1 . It is clear from this table that the apparent activation energies for most solids precalcined at temperatures ranging between 400ºC and 900ºC varied little, indicating that catalysis of H 2 O 2 decomposition over the different solids employed as catalysts proceeded according to the same mechanism.
The effect of manganese content on the catalytic activity of the various solids preheated in air at different temperatures is well illustrated by Figure 5 . This figure represents the relationship between the reaction rate constant per unit surface area ( -k) as a function of manganese content for solid catalysts precalcined at 400ºC, 650ºC or 900ºC. It is clear from this figure that initially -k increased progressively as a function of the amount of manganese present, reaching a maximum value of 13.4 wt% Mn 2 O 3 and then decreased with further increase in the extent of loading.
The effect of precalcination temperature on the catalytic activity of the above various solids is better represented by plotting the values of -k for the catalysis of H 2 O 2 decomposition as a function of the precalcination temperature. The results obtained are depicted in Figure 6 which clearly indicates that -k decreased on increasing the precalcination temperature of the various supported solid catalysts. This decrease was most pronounced for solids containing 55.3 wt% Mn 2 O 3 precalcined at 900ºC.
The observed decrease in the catalytic activity may be discussed in the following terms:
1. The formation of a manganese/aluminium compound endowed with low catalytic activity (Fand et al. 1994) . 2. Inward migration of Mn species from the outermost surface layers of the catalyst towards its bulk (Park and Ledford 1998 The inward migration of manganese species and the transformation of MnO 2 into Mn 2 O 3 due to heating at temperatures £ 650ºC could be considered the main factors responsible for decreasing the catalytic activity of the various solids, while the formation of both MnAl 2 O 4 and sintered Mn 2 O 3 may be considered as responsible for the diminution of the catalytic activity brought about by heating at temperatures 900ºC. The induced increase in the catalytic activity by increasing the amount of manganese present in the samples from 3.7 wt% to 13.4 wt% is to be expected as a result of the progressive increase in the concentration of the catalytically-active part of the catalyst (Park and Ledford 1998). Indeed, preliminary experiments showed that Al 2 O 3 solid exhibited no catalytic activity in H 2 O 2 decomposition when measured at 20-40ºC thus indicating that alumina acts simply as a catalyst support while manganese species (Mn 3+ /Mn 4+ ) play the role of catalytically-active constituents for the loaded catalyst (Hasan et al. 1999) .
CONCLUSIONS
The following are the main conclusions arising from the results obtained:
1. Loading an alumina surface with manganese in amounts varying between 3.7 wt% and 13.4 wt%, expressed as Mn 2 O 3 , led to the formation of thermally stable solids that were active towards H 2 O 2 decomposition. 2. The specific surface areas of such Mn/Al mixed oxide solids were found to decrease on increasing both the extent of manganese present and the precalcination temperature. This decrease could be attributed to an increase in the particle size of the mixed solids as well as to the formation of manganese aluminate. 3. The catalytic activity of these mixed Mn/Al solids increased progressively both on increasing the manganese content from 3.7 wt% to 13.4 wt% Mn 2 O 3 and the precalcination temperature from 400ºC to 650ºC. Such behaviour decreased on increasing both the percentage of Mn 2 O 3 and the precalcination temperature above these limits. The increase in catalytic activity was attributed to an increase in the concentration of catalytically-active sites. On the other hand, the subsequent decrease in H 2 O 2 decomposition activity resulted from an inward migration of manganese species from the outermost layers of the catalyst towards the interior of the solid and the formation of MnAl 2 O 4 . 4. Manganese oxides were found to hinder the sinterability of Mn/Al mixed oxides to an extent proportional to their amount present.
